Giant phospholipid vesicles are shown to exhibit thermally activated transitions between a prolate and an oblate shape on a time scale of several seconds. From the fluctuating contour of such a vesicle we extract ellipticity as an effective reaction coordinate whose temporal probability distribution is bimodal. We then reconstruct the effective potential from which we derive an activation energy of the order of k B T in agreement with theoretical calculations. The dynamics of this transition is well described within a Kramers model of overdamped diffusion in a bistable potential. Thus, this system can serve as a model for macroscopic bistability. PACS: 05.40+j, 68.15+e, 
Macroscopic bistable systems for which thermal energy is sufficient to overcome the barrier in observable times are rare, quite in contrast to microscopic bistability so ubiquitous in nature [1] . In this paper, we consider bistability in the shape space of giant (10µm) phospholipid vesicles [2] . The shapes of these vesicles are determined by the minima of the bending energy of the vesicle membrane subject to constraints on the total area and enclosed volume [3, 4, 5] . A cut of the energy landscape along a path connecting nearby local minima then defines an effective double well potential in shape space. Since this potential is created by the vesicle due to its bending elasticity, our system is qualitatively different from the most prominent example of macroscopic bistability studied so far which is a one micron silica bead caught in a double well potential generated by an optical trap [6] . In the latter system, the (optical) potential is created externally in real space via gradients of the electromagnetic field.
A vesicle (shape) is not a static entity but shows thermally excited fluctuations, which are clearly visible by video microscopy, due to the softness of the vesicle membrane. At constant external parameters such as temperature, these fluctuations occur around a well-defined mean shape corresponding to the global minimum of bending energy. As temperature changes, these mean shapes usually evolve smoothly except at phase boundaries denoting so-called discontinuous transitions along which shapes of different symmetry have the same energy. In this report, we discuss the observation of vesicles at the prolate-oblate transition [7, 8] . These vesicles exhibit thermally activated jumps between the two states at constant external parameters. In Fig. 1 , we show the contours of a typical sequence of vesicle shapes at equidistant times (6.3 s). A vesicle is seen to change its shape from a prolate with the mean symmetry axis within the focal plane to an oblate with the mean symmetry axis perpendicular to the focal plane and vice versa [9] .
For a quantitative analysis, the contours of the vesicles in the focal plane are determined by image analysis [10, 11, 12] . We describe the shapes using polar coordinates,
where a 1 = b 1 = 0 implies the definition of the center of gravity of each contour as the origin. Since gravity holds the vesicles on the bottom of the The vesicle is seen to change its shape from a prolate with the mean symmetry axis within the focal plane to an oblate with the mean symmetry axis perpendicular to the focal plane and vice versa. Vesicles were prepared from stearoyl-oleoylphosphatidylcholine (SOPC) or dimyristoyl-phosphatidylcholine (DMPC) in sucrose solution (50 mOsm) and incubated in excess glucose solution (48 mOsm). They were observed by video phase-contrast microscopy in a microchamber at constant temperature. Due to the slightly higher density of sucrose, the vesicle sink to the bottom of the observation chamber and rest gently against the glass wall. Thus, the free rotational diffusion of vesicle shapes is restricted to the 2 dimensions of the focal plane of the microscope. This stabilisation procedure is crucial for recording time series of vesicle shapes. Suitable vesicles were selected and observed near the boundary between the prolate and the oblate phase. chamber, oblate shapes have a circular contour while prolate shapes (with their major axes parallel to the bottom) look ellipsoidal [13] . Thus, it is sufficient to monitor the amplitude A ≡ (a In Fig. 2 , a time series of A for a typical vesicle is shown. The apparent jumps in A between a small numerical value near zero and a larger positive number reflect the bistable nature of the system, already evident in Fig. 1 . The larger values correspond to the fluctuating prolate shape, whereas the small values parallel the oblate vesicle with its fluctuating equatorial circular contour.
The diffusion in shape space is evident in Fig. 3 , where we show the distribution of (a 2 , b 2 ). The points cluster at the center (the oblate phase) and along a circle (the prolates) because of the rotational symmetry of the 
problem.
We now construct an effective potential for the variable A from the measured probability distribution P (A), represented by a histogram of A as shown in Fig. 4 . The probability to find the shape in the interval [A, A + dA] (and any orientation α) is proportional to dA Ae −V (A)/k B T , where V (A) is an effective potential. The additional factor A arises from changing from cartesian coordinates a 2 , b 2 to polar coordinates A and α. From the measured P (A), we thus get
as shown in Fig. 4 . The activation energies Q ob,pro from the oblate and the prolate phase, respectively, thus obtained, are Q ob ≃ 1.5 ± 0.1 k B T and
Although the prolate shape is metastable with a small barrier height Q pro , it is nevertheless populated with a higher probability than the oblate minimum (compare Fig. 2 ). This is due to the measure factor AdA for the probability distribution P (A), which reflects the larger density of states (with energy V (A)) of the prolate compared to the oblate shapes. All prolate vesicles with a fixed ellipticity A but varying orientation α have the same energy V (A), while the oblates lack this orientational degree of freedom.
This observation of a vesicle as fluctuating in a bistable potential [14] is qualitatively different from the three other fluctuation effects observed in vesicles so far. (i) Fluctuations of quasispherical vesicles have long been used to extract the bending rigidity of bilayer membranes [10, 11, 15, 16] . Our experiment shows that this technique must fail if the available excess area of the vesicles is so large that the discontinuous character of the prolateoblate transition becomes relevant. (ii) The budding transition [15, 17, 18] , where a small satellite is expelled from a parent vesicle, is a strong first-order transition for which the activation energy cannot be surmounted thermally. One then observes pronounced fluctuations as the spinodal is approached [12] . (iii) Conformal diffusion of vesicles of higher topology involves diffusion along a one parameter continuous curve in a "flat" potential [19, 20] .
A quantitative comparison of our experimental results with theoretical first-principle calculations is delicate. First, the presence of gravity makes even a calculation of the shape of lowest energy non-trivial [13] . However, since we expect gravity to be a minor correction of the energy, one can, in a first approximation, compare with the energy of free vesicles. Ignoring all shape fluctuations, this energy has been calculated for the two local minima (prolate and oblate) as well as for the intermediate stationary saddle point which is a non-axisymmetric ellipsoid [7, 8] . One finds a weak first-order transition with a maximal energy barrier between prolate and oblate for reasonable material parameters of the order Q agreement with the theoretical value, our results indicate that these entropic corrections do not differ strongly for the three stationary shapes involved.
The dynamical aspects of this transition can be modeled as an overdamped Kramers escape problem in a potential V (a 2 , b 2 ) = V (A) [21, 22] . The diffusion in the angle co-ordinate can be integrated out, which leads to an one-dimensional diffusion process for the variable A in the effective potential V eff (A) ≡ V (A) − k B T ln A. The corresponding Langevin equation reads γ∂ t A = −∂V eff /∂A + ζ, where ζ is a stochastic force with the usual correlations ζ(t)ζ(t ′ ) = 2k B T γδ(t − t ′ ). The effective friction coefficient γ is assumed to be independent of the shape and given by γ = const ηR 3 , where η is the viscosity of water and R the apparent radius of the oblate. The Kramers mean escape time from the oblate minimum becomes [22] 
where the frequencies ω ob,s are defined by a quadratic approximation to the energy in the oblate (
. The pre-exponential factor in (3) becomes more transparent if it is expressed as t ob √ 2πk B T /ω s A s in terms of measurable quantities. Here, t ob ≡ γ/ω 2 ob is the relaxation time for a 2 or b 2 fluctuations in the oblate phase. The measured dynamical correlation functions a 2 (t)a 2 (0) and b 2 (t)b 2 (0) can both be fitted against simple relaxational behavior with a decay time t ob ≃ 5 ± 2 s. Using the measured values Q ob /k B T ≃ 1.5 , A s ≃ 0.21 and ω 2 s ≃ 29 k B T as extracted from the potential (see Fig. 4) , we obtain τ ob ≃ 50 ± 25 s. This value is in reasonable agreement with the mean residence timeτ ob ≃ 76 ± 8 s in the oblate phase as extracted directly from the time series A(t) as shown in Fig. 2 .
We now turn to a discussion of the prolate phase. For the fluctuations of the ellipticity A around its mean value A , we find a relaxation time τ A ≃ 8 ± 1s. Fluctuations in α amount to rotational diffusion. For the latter, we find a rotational diffusion coefficient D = (5.7±0.2)×10 −3 rad 2 /s. It is this free diffusion which is responsible for the relative stability of the metastable prolate state. The mean escape time from the prolate phase should not be written in a Kramers form since the implicit assumption of Kramers theory that the activation energy is larger than k B T is violated on the prolate side.
To summarize, we have reported the observation of a macroscopic bistable system as evidenced by large shape fluctuations of giant vesicles between a prolate and oblate state. This result confirms the theoretical prediction of a weak discontinuous transition between prolate and oblate shapes. The mean escape time out of the metastable oblate state was found to be in reasonable agreement with the value obtained within a Kramers approach for the effective radial potential. Thus, fluctuating vesicle shapes may serve as a model system for further studies of macroscopically slow diffusion processes in a bistable potential.
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